Mycobacteriophage L5, a temperate phage of the mycobacteria, forms stable lysogens in Mycobacterium smegmatis via site-specific integration of the phage genome. Recombination occurs within specific phage and bacterial attachment sites and is catalyzed by the phage-encoded integrase protein in vivo. We describe here the overexpression and purification of LS integrase and its ability to mediate integrative recombination in vitro. We find that L5 integrase-mediated recombination is greatly stimulated by extracts of M. smegmatis but not by Escherichia coli extracts, purified E. coli integration host factor, or purified HU, indicating the presence of a novel mycobacterial integration host factor. Mycobacteriophage L5 is one of only a few temperate phages for which the complete DNA sequence has been determined (8). The genomic organization has features that are reminiscent of phage lambda, although there is no obvious similarity at the sequence level (8). This is perhaps to be expected since the Escherichia coli and mycobacterial hosts are widely separated in evolutionary time. L5 also has some notable differences from phage lambda in that it encodes a DNA polymerase and three tRNA genes and appears to switch off host gene expression during lytic growth (8); these features may represent adaptations for infection of mycobacterial hosts, particularly those with very slow growth rates.
The mycobacteria are an important group of organisms that includes Mycobacterium tuberculosis and Mycobacterium leprae, the causative agents of tuberculosis and leprosy, respectively. Mycobacteriophage L5 is a temperate phage that infects both fast-and slow-growing species of mycobacteria, including Mycobacterium smegmatis and M. tuberculosis (8) . L5 forms stable lysogens in M. smegmatis that contain a single copy of an LS prophage inserted into a chromosomal attachment site (attB) as a consequence of a conservative site-specific recombination event (16, 26) . The phage genome contains an attachment site (attP) that is located close to its center and adjacent to the gene encoding the integrase protein (also called gpInt) (16) . The attB and attP sites share a 43-bp core region of identical sequence that overlaps the 3' end of a tRNAGIy gene of M. smegmatis (16) such that the integrity of the tRNA gene is maintained following prophage formation (16) . The tRNA gene and attB site are also present in the avirulent antituberculosis vaccine strain bacille Calmette Guerin (BCG) (16) . Plasmids containing the L5 attP site and integrase gene efficiently transform M. smegmatis and M. tuberculosis via sitespecific recombination, indicating that no other phage genes are required for efficient integration (16) . The integrated sequences are very stable, making these integration-proficient vectors important tools for the construction of recombinant BCG vaccines with novel protective repertoires (29) . Inclusion of phage DNA to the right of the attP site confers a degree of instability to the integrated plasmids, suggesting the presence of a closely linked excisionase gene (16) .
Mycobacteriophage L5 is one of only a few temperate phages for which the complete DNA sequence has been determined (8) . The genomic organization has features that are reminiscent of phage lambda, although there is no obvious similarity at the sequence level (8) . This is perhaps to be expected since the Escherichia coli and mycobacterial hosts are widely separated in evolutionary time. L5 also has some notable differences from phage lambda in that it encodes a DNA polymerase and three tRNA genes and appears to switch off host gene expression during lytic growth (8) ; these features may represent adaptations for infection of mycobacterial hosts, particularly those with very slow growth rates.
The mechanism and regulation of lambda integrase-mediated site-specific recombination have been extensively studied * Corresponding author. (15) . The integration reaction requires the phage-encoded integrase (the recombinase) and the host-encoded integration host factor (IHF); prophage excision requires a second phageencoded protein, excisionase, in addition to integrase and IHF (15) . In both reactions, integrase is the recombinase that catalyzes strand cleavage and exchange and is related to a large class of related recombination proteins (1). The lambda integrase protein is composed of two domains, one of which (the C terminal) binds to the core region of attP and contains the catalytic residues, while the other (the N terminal) binds to arm-type sites located on either side of the core within attP (19) . It has recently been demonstrated that recombination involves the formation of protein bridges in which one monomer of integrase can simultaneously occupy both a core-type and an arm-type site (12, 13, 18) . The formation of these bridges is facilitated by IHF, which binds to specific sequences within attP and imparts a substantial DNA bend (24) . The requirement for IHF in lambda integration can be attributed directly to its ability to bend DNA (5); moreover, these bends must be appropriately phased to facilitate formation of recombinagenic protein-DNA complexes (28) . The nonspecific DNA-binding protein, HU, can at least partially substitute for IHF by binding and bending nonspecifically to attP DNA (7) . E. coli IHF is also competent to stimulate recombination by the Haemophilus influenzae phage HP1 integrase (11) .
Whereas IHF plays an architectural role, lambda integrase is the catalytic protein in recombination. Both proteins participate in formation of a higher-order structure at attP (the intasome) which then interacts with naked attB DNA to form a synaptic complex (23) . Strand transfer is mediated through an ordered set of single-strand exchanges via a Holliday structure, each one accompanied by a covalent linkage between attP DNA and integrase (10, 14, 20, 22) . This linkage involves a tyrosine residue at position 342, one of three absolutely conserved amino acid residues that must contribute to the catalytic site (22) . Strand cleavage occurs seven base pairs apart within the core region of identical sequence shared by attP and attB (15) .
While L5 integrase is clearly a member of the integrase family of recombinases and contains the absolutely conserved residues, it has no extensive amino acid similarity to lambda integrase (16) 
MATERIALS AND METHODS
Constmction of integrase expression plasmids. Plasmid pMH76 contains the entire L5 integrase gene linked to a vector translation initiation signal and the phage T7 promoter. pMH76 was constructed as follows. Two primers (5'-GGCG GCATATGGCACGTCGCGGATG and 5'-TCACTCTCGA ACGCGGGG) were used to amplify the integrase gene by the polymerase chain reaction, using plasmid pMH5 (16) as a template. The primers were designed such that the int gene would be flanked by NdeI (5') and Sall (3') sites. Thirty cycles of amplification with Taq polymerase Stoffel fragment (Perkin Elmer) produced a major product of 1.5 kb which was purified by agarose gel electrophoresis and cloned into plasmid pT7-7 (a kind gift from Jude Samulski) that had been cleaved with NdeI and Sall; the resulting plasmid was pMH74. As a consequence of the insertion, the presumed TTG translation initiation of L5 int was replaced by the vector ATG start codon (see Fig. 1 and Results). Since we were concerned about the introduction of mutations in the amplification step, we replaced the BamHI-SalI fragment of pMH74 with a BamHISall fragment derived from plasmid pMH5 (16) to produce plasmid pMH76. In so doing, all but the first 15 codons of the int gene were replaced by a wild-type copy. The 5' end of the int gene and the cloning junction were confirmed by DNA sequencing and shown to be as expected.
Plasmid pMH65 was constructed in the following way. A 1.4-kb Hincll fragment derived from plasmid pMH5 (16) which contains the int gene was inserted into the Stul site of plasmid pMal-c (New England Biolabs) such that int was in the same translational frame as the MalE moiety of the vector. The resulting plasmid was pMH37. Note that the HincII site at the 5' end of the int gene is located at codons 22 and 23 ( Fig. 1 ).
pMH37 was then cleaved with BamHI, and a 1.4-kb fragment containing the int gene and a small segment of the pMal-c vector (32 bp) was inserted into the BamHI site of plasmid pT7-7 such that the int gene was in the same translational frame as the vector translation initiation signals (Fig. 1 ). The resulting plasmid was pMH65.
Plasmid pMH39 was constructed by inserting the 613-bp BamHI-SalI fragment from pMH5 into the BamHI-SalI sites of pUC119 (25) . pMH57 is a pUC119 derivative in which a fragment of approximately 600 bp containing the M. smegmatis attB derived by sonication was inserted into the SmaI site of pUC119 (25) . The attB site is located approximately 200 bp from one end of the inserted fragment.
Purification of LS integrase. Plasmids pT7-7, pMH65, and pMH76 were introduced into E. coli BL21(DE3)pLysS (kindly provided by Jude Samulski) by transformation. Cultures were grown in L broth, and protein expression was induced by the addition of isopropyl-l-thio-,B-D-galactoside (IPTG). For gel analysis, cells were collected by centrifugation, resuspended in sodium dodecyl sulfate (SDS) sample buffer (25) , boiled for 3 min, and loaded onto an SDS-12% polyacrylamide gel (25) .
L5 integrase was partially purified as follows. Two liters of cells containing the appropriate overexpression plasmid (either pMH65 or pMH76) was induced for 1 to 2 h by the addition of dithiothreitol, and cells were harvested by centrifugation at 14,000 rpm for 10 min at 4'C. The cell pellet was then resuspended in lysis buffer (10 mM [8] ), close to an in-frame GUG codon (codon 28 relative to the UUG codon). The longer of the int segments was inserted such that an AUG initiation codon from vector sequences substituted for the presumed UUG initiation codon (Fig. 1A) . The observation that the shorter protein is inactive in vitro (see below) is consistent with the conclusion that the UUG codon is probably used for translation initiation in vivo. Moreover, in the course of constructing these plasmids, we serendipitously isolated a mutant derivative in which the first position of codon 8 had a mutation resulting in substitution of proline for serine. This mutant protein is also defective in recombination (data not shown). L5 integrase appears to be one of at least five L5 genes that use UUG for translation initiation (8) .
Induction of the T7 RNA polymerase resulted in the synthesis of a new protein of approximately 40 kDa that was not present prior to induction (Fig. IB) (Fig. 2) . The stimulatory activity was heat resistant; activity was retained after boiling for 10 min, a property shared with E. coli IHF (21) , HU (2) , and Fis (3) . Formation of the product required the addition of both L5 integrase and the M. smegmatis extract (Fig. 2) .
To confirm that the reaction product was indeed that formed by recombination, the products were digested with restriction enzymes and the products were analyzed by agarose gel electrophoresis. The recombination scheme and the sizes of the expected products are shown in Fig. 3A . The results of restriction enzyme digestion (Fig. 3B) Other requirements for efficient recombination. The recomibination reaction mediated by gpInt in combination with M. smegmatis extracts has been optimized with respect to time, temperature, and other requirements (Fig. 4) . The reaction is reasonably slow and continues for at least 2.5 h (Fig. 4) . Typically, between 50 and 80% of the attB substrate is converted to recombinant product in a 2.5-h period (Fig. 4) . The reaction proceeds well at 25 or 37°C but is very inefficient at 42°C (Fig. 4B) . Very little recombinant product is observed if spermidine is omitted from the reaction or if the attP DNA substrate is relaxed by topoisomerase I prior to the addition of integrase (data not shown). Efficient recombination requires neither Mg2+ ions nor ATP. In general, these parameters for L5 integrase-mediated recombination are very similar to those for lambda integrase recombination.
E. coli IHF and HU do not stimulate recombination. The experiments described above show that a component of M. smegmatis is able to significantly stimulate L5 integrase-mediated recombination. The factor responsible shares the property of E. coli proteins HU and IHF in that it is heat stable and activity is retained even after boiling for 10 min. It seemed possible that in spite of the differences between mycobacterial and E. coli systems, E. coli IHF would be able to stimulate the reaction. Interestingly, we observed that E. coli IHF does not significantly stimulate recombination, although a small amount of recombination was observed at very high concentrations of IHF (Fig. 5) . We also tested whether E. coli HU could stimulate recombination since it is less dependent on specific DNA sequences than is E. coli IHF. However, we observed no recombination in the presence of HU (Fig. 5) . In addition, we saw no stimulation of recombination by addition of a crude E. coli extract (Fig. 5) .
The N terminus of L5 gplnt is required for recombination.
Plasmid pMH65 overexpresses a derivative of L5 integrase that contains only the segment from residues 23 to 371, fused to a short N-terminal 13-amino-acid leader (Fig. 1A ). This Nterminally truncated protein has also been overexpressed and purified (Fig. 1B) but is unable to mediate recombination (Fig.  6 ). Crude extracts of the overexpressing E. coli cells were also tested and found to be inactive in recombination, indicating that we had not simply inactivated the protein during purification (data not shown). These observations are consistent with the hypothesis that the upstream UUG codon, rather than the downstream GUG codon previously suggested (16) , is used in vivo. They also suggest that the extreme N-terminal segment of the protein is important for recombination function. While we cannot exclude the possibility that the 13-residue leader (vector-derived sequence) is positively interfering with activity, a mutant form of the protein with an amino acid substitution at position 8 was also unable to mediate recombination (data not shown). We note that the extreme N terminus of the putative full-length integrase protein is rich in amino acids with active side groups (Fig. 1 ). Although the L5 and lambda integrase proteins may have diverged somewhat, they are of similar size and have functional as well as structural similarities. For example, integrative recombination is rather slow in vitro and somewhat temperature sensitive in both systems; neither reaction requires ATP, but both are stimulated by spermidine (21) . The integrase from H. influenzae phage HP1 behaves similarly (6, 9) . The lambda protein is composed of two domains, the N terminal of which is involved in specific interactions with the arm-type sites within attP (18) ; The extreme N-terminal part of L5 integrase also appears to be required for recombinational activity and contains many amino acid residues with the potential to interact with DNA. Moreover, we find that the N-terminally Fig. 2 and 3 . Reactions were terminated after incubation for the indicated times (minutes), and the products were analyzed by agarose gel electrophoresis. The attB substrate is indicated, and the recombination product is shown by an arrow. (B) Effect of temperature on recombination. Recombination reactions were performed as described for Fig. 2 and 3 on November 7, 2017 by guest http://jb.asm.org/ involved in many aspects of gene regulation and DNA replication in addition to lambda recombination (4), it would not be surprising if it was also involved in some aspects of bacterial pathogenesis. The finding of a novel mycobacterial integration host factor raises the question as to whether it may be involved in mycobacterial virulence, including tuberculosis and leprosy.
